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[1] Iron (Fe) is an essential element for phytoplankton. The majority of iron is transported
from arid and semiarid regions to the open ocean, but it is mainly in an insoluble form.
Since most aquatic organisms can take up iron only in the dissolved form, aerosol iron
solubility is a key factor that can influence the air‐sea CO2 fluxes and thus climate. Field
observations have shown relatively high iron solubility in aerosols influenced by
combustion sources, but specific emissions sources and their contributions to deposition
fluxes largely remain uncertain. Here a global chemical transport model was used to
investigate the effect of aerosol emissions from ship plumes on iron solubility in
particles from the combustion and dust sources. The model results reveal that the oil
combustion from shipping mainly contributes to high iron solubility (>10%) at low iron
loading (1–110ngm–3) observed over the high‐latitude North Atlantic Ocean, rather than the
other combustion sources from continental industrialized regions. Due to continuing growth
in global shipping and no regulations regarding particles emissions over the open ocean, the
input of potentially bioavailable iron from ship plumes is likely to increase during the next
century. The model results suggest that deposition of soluble iron from ships in 2100
contributes 30–60% of the soluble iron deposition over the high‐latitude North Atlantic and
North Pacific.
Citation: Ito, A. (2013), Global modeling study of potentially bioavailable iron input from shipboard aerosol sources to
the ocean, Global Biogeochem. Cycles, 27, doi: 10.1029/2012GB004378.
1. Introduction
[2] Iron (Fe) scarcity has been shown to limit the biological
primary productivity in high‐nitrate, low‐chlorophyll (HNLC)
regions, such as the North Pacific, eastern equatorial Pacific,
and the Southern Ocean [Boyd and Ellwood, 2010]. The
present study focuses on shipboard aerosol sources that could
enhance the aerosol iron solubility (i.e., the percentage of total
aerosol iron that is soluble in water), which is a key uncertainty
in our understanding of the global biogeochemical cycle of
iron and climate. A multimodel study evaluated the projected
changes (2080–2099, compared to 1870–1889) in marine pro-
ductivity from four different coupled‐carbon‐climate models
[Steinacher et al., 2010]. The projected marine productivity
is highly sensitive to the input of iron from the atmosphere
[Mahowald, 2011]. The ocean biogeochemical models typi-
cally assume iron solubility in the aerosols at 1–2%, but atmo-
spheric observations have shown that iron in the aerosols can
have a solubility ranging from 0.01 to 80% [Mahowald
et al., 2009]. These results suggest that atmospheric models
need to predict the large variability in iron solubility, instead
of using a single value, to accurately predict the effects of
changes in iron inputs on marine productivity and climate
[Mahowald, 2011].
[3] High iron solubility (>10%) is often associated with
low iron loadings (<100ngm–3) [Sedwick et al., 2007]. To
explain this inverse relationship between iron solubility and
iron loading, several hypotheses have been proposed, includ-
ing source chemical composition, atmospheric processing,
and aerosol size (i.e., larger surface area‐to‐volume ratio of
smaller aerosol particles) [Baker and Croot, 2010]. Chuang
et al. [2005] suggested that the emissions of soluble iron
(SFe) from combustion sources can contribute to a significant
fraction of SFe in the East Asian region, based on the
measurements of SFe in aerosols at a regional sampling site
(GOSAN) on the west end of Jeju Island, south of the Korean
Peninsula. When the ratio (0.02) of SFe to black carbon (BC)
observed at the GOSAN site was used in an atmospheric
transport model, deposition of SFe from combustion sources
contributed 40–100% of the SFe deposition over the HNLC
regions (e.g., eastern equatorial Pacific and the Southern
Ocean) [Luo et al., 2008]. The source chemical hypothesis
states that the initial composition of the aerosol materials
can be a critical control on the observed trends in iron solu-
bility versus iron loading [Sedwick et al., 2007; Sholkovitz
et al., 2009].
[4] The diesel engines on oceangoing vessels and oil
boilers in heating and power plants produce fine particles that
contain inorganic materials (e.g., S, V, Ni, Fe, Cr, and Na),
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BC, and particulate organic matter. The lowest‐grade fuels
(heavy fuel oils, residual fuel oils, crude oils, or bunker fuels)
are typically used in the marine engines. Siefert et al. [1999]
observed sporadic high iron solubility and fine vanadium
fraction over the Arabian Sea, suggesting possible influences
by the ship's plume. The aerosols influenced by air masses
from North America or Europe have shown a large correlation
between iron solubility and atmospheric loadings of vanadium
and nickel, each of which are associated with emissions from
the oil combustion [Sholkovitz et al., 2009]. Desboeufs et al.
[2005] reported higher value of iron solubility for oil fly ash
(36%) than those for coal fly ash (0.2%) and urban dust
(3.0%). A laboratory study indicates that oil combustion pro-
ducts yield much higher iron solubility (77–81%), compared
to that of arid soils (<1%) [Schroth et al., 2009]. A single‐
particle chemical analysis of iron‐containing aerosols suggests
that the ship emissions regionally change the chemical compo-
sition of aerosols during the Asian outflow season [Furutani
et al., 2011]. These field and laboratory studies might
highlight the importance of highly soluble iron‐containing
aerosols emitted from the oil combustion on shipboard.
[5] Previous global model studies have demonstrated
that the contributions of combustion aerosols, such as those
from fossil fuel (FF) combustion and biomass burning (BB)
to SFe deposition, are highly sensitive to uncertainties in
iron solubility due to limited available observations [Luo
et al., 2008; Ito, 2012]. Since a significant fraction (45–75%)
of the organic matter in BB aerosols is water soluble, water‐
soluble metal‐organic compounds (e.g., C7H6N2O4Fe) can
be emitted during BB [Chang‐Graham et al., 2011] and have
the potential for long‐range atmospheric transport and deposi-
tion to the open ocean [Ito, 2011]. When a high value of
the SFe solubility observed for BB aerosols (18%) [Bowie
et al., 2009] was used in an atmospheric chemistry transport
model, these combustion sources contributed 30–100% of
the total supply of SFe to the equatorial and southern oceans
downwind from open vegetation fires [Ito, 2012]. In the previ-
ous modeling studies, however, no distinction was made
between the different sources of dissolved iron in the FF com-
bustion aerosols, such as those from oil and coal combustion.
The chemical and physical properties are different between
oil and coal fly ash [Desboeufs et al., 2005; Sholkovitz
et al., 2009]. Iron in oil fly ash is mainly present as ferric
sulfate salt [Schroth et al., 2009], which might be formed via
high‐temperature combustion (>800°C) followed by a sulfuric
acid condensation before filtration [Sippula et al., 2009]. On
the other hand, coal fly ash has a crust‐like composition with
a large amount of aluminosilicate glass, which might be
formed via high‐temperature combustion followed by a fast
cooling process [Chen et al., 2012]. It should be noted that
atmospheric processing of mineral aerosols by inorganic and
organic acids from anthropogenic and natural sources has been
shown to increase the iron solubility of soils (initially<0.5%)
up to about 10% [Hand et al., 2004; Meskhidze et al., 2005;
Ito and Feng, 2010; Luo and Gao, 2010].
[6] Here a global chemical transport model was used to
investigate the effect of aerosol particles emitted from the ship
plumes on soluble iron input to the ocean, compared to those
from the dust sources and the other combustion sources, such
as those from coal combustion and BB. To assess model
assumptions for iron dissolution, the calculated iron solubility
was evaluated against a compilation of measurements from
cruises over the oceans, mainly in the high‐latitude Northern
Hemisphere (NH). The model provides the first projection of
SFe supply from shipping to the world's oceans in 2100, based
on the Intergovernmental Panel on Climate Change (IPCC)
emission scenario of Representative Concentration Pathway
(RCP) 4.5 [Thomson et al., 2011]. The RCP4.5 is a scenario
that stabilizes radiative forcing at 4.5Wm−2 in the year 2100
without ever exceeding that value.
2. Methods
2.1. Model Description
[7] The global chemical transport model used in this study
is an aerosol chemistry version of the Integrated Massively
Parallel Atmospheric Chemical Transport model [Rotman
et al., 2004; Liu et al., 2005; Feng and Penner, 2007;
Ito and Feng, 2010; Ito, 2011, 2012; Ito et al., 2012]. The
model simulates the emissions, chemistry, transport, and
deposition of major aerosol species, including sulfate, nitrate,
ammonium, fly ash (e.g., iron), BC, particulate organic matter,
mineral dust and sea salt aerosols, and their precursor gases.
The model is driven by assimilated meteorological fields from
the Goddard Earth Observation System of the NASA Global
Modeling and Assimilation Office (GMAO). Simulations
have been performed at a horizontal resolution of 2.0°×2.5°
with 42 vertical layers from 2001 to 2006.
[8] In our model, the SFe content in aerosols depends
on source chemical composition [Ito and Feng, 2010;
Ito, 2012]. The emission data sets for combustion‐generated
aerosols, such as those from FF combustion and BB (except
oil combustion from ship) are taken from our emission
inventory [Ito and Penner, 2005; Ito et al., 2007; Ito, 2011].
Total ship emissions of particulate matter (PM), which include
international shipping, domestic shipping, and fishing, are
taken from an assessment of emission inventories in 2000
[Eyring et al., 2010]. The upper and lower bound for total ship
emissions of 1.4 Tg PM was 0.4–3.4 Tg PM [Eyring et al.,
2010]. To calculate 2001–2006 emissions, the 2000 emissions
have been scaled with the changes in the total seaborne trade
from Fearnleys [2007]. The ratio of total seaborne trade in
2006 to 2000 was 1.3 [Fearnleys, 2007]. The spatial allocation
of anthropogenic emissions of FF use from each sector follows
the grids generated for the IPCC Fifth Assessment (AR5)
report [Lamarque et al., 2010].
[9] The net emission factors of iron for each category of
FF use have been calculated from the emission factors
of PM [Bond et al., 2004; Ito and Penner, 2005; Eyring
et al., 2010] and the iron content in aerosol particles [Luo
et al., 2008; Ito and Feng, 2010] (Tables 1 and 2). Here the
emission factor for heavy fuel oil combustion from ships is
compared with that from stationary sources (Table 3). The
emission factor of iron for fine particles in g Fe/106g fuel,
EFFineFe, can be described by equation (1):
EFFineFe ¼ EFPM  FFine  FFe  Fcont; (1)
where EFPM is the bulk particulate emission factor in g/10
3g
fuel, FFine is the fraction of the emissions with diameters
smaller than 1 or 2.5µm, FFe is the fraction of the iron content
in fine particles, and Fcont is the fraction of fine particles that
penetrates the control device. For combustion without
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emission controls (e.g., shipping), Fcont=1.0. The emission
factor of total PM for shipping from more recent assessment
by Eyring et al. [2010] (5.6gkg−1) is significantly higher than
that used by Bond et al. [2004] (1.8±1.5gkg−1). The fraction
of the emissions in fine particles (e.g., 0.86 for shipping and
0.45 for stationary sources) is taken from Bond et al. [2004].
The arithmetic mean of the iron content for oil combustion
aerosols used in this study (0.94% for fine particles and
1.8% for coarse particles) [Mamuro et al., 1979; Mamane et
al., 1986;Olmez et al., 1988;Hildemann et al., 1991] is within
the wide range of oil fly ash (0.2–4%) [Sholkovitz et al., 2009],
but is smaller than the value inOlmez et al. [1988] used by Luo
et al. [2008] (1.6% for fine particles and 3% for coarse parti-
cles). The resulting estimate of iron emission factor in fine par-
ticles from ships (45g Fe/106g fuel) is substantially larger than
those from stationary sources (0.6–4.6g Fe/106g fuel), mainly
because the vast majority of marine engines operate without
effective reduction technologies [Eyring et al., 2010].
[10] Soluble component of iron from the combustion
sources is readily released into solution in aerosols. In
contrast, the emissions of dust are calculated on‐line, based
on the surface wind speed and soil wetness from the GMAO
assimilated meteorological fields [Ginoux et al., 2001;
Ito et al., 2012]. Furthermore, the iron solubility changes
dynamically from that in the originally emitted dust aerosols
(which is 0.45%) due to reactions with acidic species
[Ito and Feng, 2010; Ito, 2012].
2.2. Sensitivity Experiments
[11] For the standard simulation (Experment 1), iron solu-
bility in oil combustion is assumed at 79% [Schroth et al.,
2009], while those in coal combustion and BB aerosols are
at 11% [Desboeufs et al., 2005; Chen et al., 2012] and
18% [Bowie et al., 2009], respectively (Table 4). In addition
to the Experiment 1 base case simulation, four sensitivity
simulations have been conducted with different values of
iron solubility for different combustion sources.
[12] A previous version of our model [Ito et al., 2012]
uses iron solubility of 4% for all combustion sources (Exper-
iment 2) [Luo et al., 2008], based on the measurements of
SFe in aerosols at the GOSAN site [Chuang et al., 2005].
The observational site is located between the sources and
remote conditions with a great gradient in aerosol concentra-
tion. Chuang et al. [2005] observed a good correlation
between SFe and elemental carbon concentrations, but no
correlation between elemental carbon and water‐soluble
potassium. Their results suggested that elemental carbon
and soluble iron were coemitted as primary pollutants from
the same sources, but BB was not a primary source.
[13] In our standard simulation, iron solubility in oil
combustion is based on the solubility measurement of one
fly ash from a power‐plant sample in Schroth et al. [2009].
However, the value of 79% might be too high to represent
a global value for iron in oil fly ash. In a third simulation
(Experiment 3), the medium value for oil fly ash from Des-
boeufs et al. [2005] and Schroth et al. [2009] (36–79%) is
examined.
Table 1. Emission Factors of Iron in Fine Particles From FF
Combustion
Fuel Category Developed Developing Semideveloped
Coal Transformation
Coke ovens 44 166 85
Blast furnaces 0.27 0.78 0.46
Briquettes 2.9 9.6 5.3
Rest of transformation 1.4 7.7 3.3
Coal Industry
Iron and steel 6 48 18
Rest of industry 15 22 18
Coal residential 0.003 0.005 0.002
Oil Combustion
Boiler 0.6 4.6 1.7
Ship 45 45 45
Incinerator 1.9 1.9 1.9
Units are g Fe/106g fuel. The net emission factors have been calculated from
the emission factors of fine PM [Bond et al., 2004; Ito and Penner, 2005;
Eyring et al., 2010] and the iron content in fine particles [Luo et al., 2008;
Ito and Feng, 2010].
Table 2. Emission Factors of Iron in Coarse Particles From FF
Combustion
Fuel Category Developed Developing Semideveloped
Coal Transformation
Coke ovens 109 261 169
Blast furnaces 2.7 7.9 4.7
Rest of transformation 19 96 43
Coal Industry
Iron and steel 281 781 468
Nonmetallic minerals 178 86 124
Rest of industry 178 86 124
Coal residential 0.25 0.51 0.36
Oil Combustion
Boiler 1.4 10.7 3.9
Ship 14 14 14
Incinerator 15 15 15
Units are g Fe/106g fuel. The net emission factors have been calculated
from the emission factors of coarse PM [Bond et al., 2004; Ito and Penner,
2005; Eyring et al., 2010] and the iron content in coarse particles [Luo et al.,
2008; Ito and Feng, 2010].
Table 3. Comparison of Emission Factors for Fine Particles From
Heavy Fuel Oil Combustion
EFPM FFine FFe Fcont EFFineFe
Ships 5.6 0.86 0.94% 1.0 45
Stationary sources 1.1 0.45 0.94% 0.13–1.0 0.6–4.6
EFPM is the bulk particulate emission factor in g/10
3g fuel. FFine is the
fraction of the emissions in fine particles. FFe is the fraction of the iron con-
tent in fine particles. Fcont is the fraction of fine particles that penetrates the
control device. EFFineFe is the emission factor of iron for fine particles in g
Fe/106g fuel. Table 4. Summary of Iron Solubility Used in Sensitivity
Simulations
Oil From Ships (%)
Oil From Stationary
Sources(%) Coal (%)Biomass (%)
Experiment 1 79 79 11 18
Experiment 2 4 4 4 4
Experiment 3 58 58 11 18
Experiment 4 79 79 22 18
Experiment 5 4 79 11 18
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[14] In our standard simulation, iron solubility in coal
combustion aserosol is obtained from the medium value
for coal fly ash from Desboeufs et al. [2005] (0.2%) and
Chen et al. [2012] (20–25%). Most of the iron in combustion
aerosols comes from coal combustion in coarse particles
[Luo et al., 2008]. The anthropogenic coal fly ash aerosol
may represent a significant source of potentially bioavailable
iron in the open ocean. In a fourth simulation, the effect of
coal combustion sources on iron solubility in aerosols are
examined by assuming high iron solubility (22%) from coal
burning [Chen et al., 2012] (Experiment 4), while the exper-
iment used the same iron solubility for others as in Experi-
ment 1 (Table 4).
[15] In our standard simulation, the same iron solubility is
used for oil combustion aerosols from shipping and station-
ary sources. It has been suggested that the oil combustion
from continental industrialized regions may contribute to
significant influences on the magnitude and spatial distribu-
tion of SFe input to the surface ocean [Sedwick et al., 2007].
The aerosols collected over the high‐latitude North Atlantic
are not only influenced by oil combustion sources from
North America or Europe, but also by those from oceango-
ing vessels over the coastal regions and North Atlantic. In
a fifth simulation, the effect of stationary sources on iron sol-
ubility in aerosols are examined by assuming lower iron sol-
ubility (4%) from shipping only (Experiment 5), while the
experiment used the same iron solubility for others as in Ex-
periment 1 (Table 4).
[16] In a future projection of soluble iron deposition
changes, the anthropogenic emission changes in the primary
sources of carbonaceous aerosols from 2000 to 2100
[Thomson et al., 2011] are used together with the standard
solubility case for iron‐containing aerosols (Experiment 1).
The RCP4.5 scenario prescribes that pollution control levels
increase over time in all countries as a function of income.
Importantly, future scenarios demonstrate that significant
technological improvements are needed to offset increased
emissions from shipping due to the projected growth in
seaborne trade, but particulate matter is not subject to interna-
tional emission legislation over the open ocean [Eyring
et al., 2010]. The increase of the shipping emissions from
2000 to 2005 (1.09) in RCP4.5 is smaller than that of total
seaborne trade (1.25) [Fearnleys, 2007], while that from
2000 to 2050 (1.5) in RCP4.5 is in the middle of the possible
range of future particle emissions according to four different
technology scenarios and four different ship‐traffic demand
scenarios (0.9–2.1) [Eyring et al., 2010]. Thus, the projected
estimates of emissions from shipping in RCP4.5 may be
optimistic about environmental policy, although the projected
increase of the shipping emissions in RCP4.5 is the highest
among the four emission scenarios for IPCC AR5 (0.1–1.6).
Keeping in mind that the future increase in emissions for
shipboard aerosol sources may be conservative, the iron
emissions are assumed to change linearly with the emissions
of carbonaceous aerosols from RCP4.5. The resulting
estimate of iron emission from shipping in 2100 (24 Fe Gg
yr−1) is a factor of 1.6 larger than the estimate in 2001
(16 Fe Gg yr−1). The distribution of emissions from shipping
may change due to growth in ship activity in Asian waters,
emission control in coastal areas with heavy traffic, and
decline in Arctic sea‐ice extent [Eyring et al., 2010]. These
changes need to be taken into account in future studies.
[17] In our approach, the effects of climate change, land‐use
change, and atmospheric composition change on natural
sources, such as soil‐derived dust and wild fires, are not taken
into account. Thus, present‐day estimates for mineral aerosols
from arid and semiarid regions as well as for BB aerosols from
boreal forest fires are used together with those for precursor
gases of SO2, NO2, and NH3. Note that future projections of
dust deposition to the ocean are largely uncertain [Mahowald
et al., 2009], due, in part, to uncertainty in the size distribution
of mineral aerosols [Kok, 2011; Ito et al., 2012]. It is also noted
that glacial dust sources are potentially important contributors
of iron to the high‐latitude oceans [Schroth et al., 2009;
Crusius et al., 2011]. Moreover, further research is needed to
improve our understanding of the processes that increase iron
solubility in mineral particles for future projections.
2.3. Cruise‐Based Observational Data
[18] To assess model assumptions for iron solubility, the
calculated relationship between iron solubility and iron
loading is evaluated against a compilation of measurements
from cruise ships over the oceans (Figure 1). The daily
average of model results was calculated from hourly output
at the surface along the cruise tracks in order to compare the
model with the compilation of ambient measurements from
2001 to 2006 [Chen and Siefert, 2004; Baker et al., 2006a,
2006b; Buck et al., 2006, 2010; Sedwick et al., 2007;
Aguilar‐Islas et al., 2010; Hsu et al., 2010; unpublished data
of Baker and Powell in Sholkovitz et al., 2012]. Here the
high‐latitude North Atlantic Ocean (red squares in Figure 1)
and the East China Sea (blue squares in Figure 1) are
highlighted. The aerosol samples (indicated by red squares in
Figure 1) were classified as air masses from the North Atlantic,
North America, or Europe by Chen and Siefert [2004], Baker
Figure 1. The locations of ship cruises from 2001 to 2006
are represented using square symbols in black and red over
the Atlantic and Pacific oceans [Chen and Siefert, 2004;
Baker et al., 2006a, 2006b; Buck et al., 2006, 2010; Sedwick
et al., 2007; Aguilar‐Islas et al., 2010; unpublished data of
Baker and Powell in Sholkovitz et al., 2012] and in blue over
the East China Sea [Hsu et al., 2010]. The aerosol samples
classified as air masses from the North Atlantic, North
America, or Europe are represented in red. The delimited area
(purple box) is the HNLC region (40–60˚N; 190–225˚E) in the
northeastern Pacific Ocean and is used to calculate monthly
SFe deposition (Gg month–1) in Figure 6 and Table 6.
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et al. [2006a], Sedwick et al. [2007] and Buck et al. [2010]. A
significant positive correlation between SFe and anthropo-
genic aerosols suggests that particles collected over the
East China Sea were influenced by atmospheric chemical
processing due to anthropogenic acids and mixing with
combustion aerosols [Hsu et al., 2010].
3. Results and Discussion
3.1. SFe Emission
[19] The geographical distribution of SFe emissions are
compared between different sources of oil combustion, coal
combustion, BB, and dust (Figure 2). The majority of the
emission from oil combustion occurs over the oceans within
international sea routes in the NH (80%). Coal combustion
sources are mostly located in China, India, Europe, and the
northeastern United States, while BB sources are largely in
the tropical regions. The dust sources are predominantly from
North Africa, the Arabian Peninsula, East Asia, Australia,
southern Africa, Chile, and Patagonia. The total emission of
soluble iron in 2001 for the oil combustion aerosols from ship-
ping (13 SFe Gg yr−1) is much smaller than that for the dust
(334 SFe Gg yr−1) and other combustion aerosols (189 SFe
Gg yr−1) (Table 5). However, the majority of iron from coal
combustion is in the coarse particle (88%), which is consistent
with Luo et al. [2008]. Consequently, the emission of SFe in
the fine particles for the oil combustion (9.5 SFe Gg yr−1) is
larger than that for the coal combustion (6.8 SFe Gg yr−1).
3.2. Aerosol Iron Solubility in Relation to Aerosol
Sources and Iron Loadings
[20] The aerosol iron loadings from the model simulations
are comparedwithmeasurements from2001 to 2006 (Figure 3)
[Chen and Siefert, 2004; Baker et al., 2006a, 2006b; Buck
et al., 2006, 2010; Sedwick et al., 2007; Aguilar‐Islas et al.,
2010; Hsu et al., 2010; unpublished data of Baker and Powell
in Sholkovitz et al., 2012]. The red circles represent the aerosol
samples, which were collected over the high‐latitude North
Atlantic Ocean and were classified as air masses from the
Figure 2. Annually averaged emission rates (mgm–2year–1) of SFe from (a) oil combustion, (b) coal
combustion, (c) BB, and (d) dust in 2001. Contours are plotted for SFe emission rates above
0.1mgm–2year–1.
Table 5. Estimates of SFe Emissions From Combustion Sources
(SFe Gg yr–1)
Year Oil Combustion (%) Coal Combustion BB
Fine Particles
2001 9.5 (90) 6.8 25
2100 15 (98) 1.9 17
Coarse Particles
2001 2.9 (70) 48 102
2100 4.5 (93) 13 71
The parentheses represent the percentage of ships to total oil combustion.
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North Atlantic, North America, or Europe. The high‐latitude
North Atlantic samples are characterized by extremely low‐
aerosol iron loadings (1–110ngm–3). The aerosol samples
collected over the East China Sea are represented as blue trian-
gles. The aerosol iron loading over the East China Sea (10–104
ngm–3) is significantly larger than that over the high‐latitude
North Atlantic Ocean. Our model results have shown reason-
able agreement of total iron loadings with observations over
the wide range (1–104ngm–3) [Ito et al., 2012].
[21] The aerosol iron solubility versus iron loading from the
simulations (Experiment 1, Experiment 2, Experiment 3, Ex-
periment 4, and Experiment 5) is shown in Figure 4, together
with the observations (iron solubility <50%) [Chen and Sie-
fert, 2004; Baker et al., 2006a, 2006b; Buck et al., 2006,
2010; Sedwick et al., 2007; Aguilar‐Islas et al., 2010; Hsu et
al., 2010; unpublished data of Baker and Powell in Sholkovitz
et al., 2012]. The number of data points (Figure 4a) and the
mean bias between the model results and observations are also
presented for each experiment (Figures 4b–4f). The model
results with highly soluble iron‐containing aerosols from oil
combustion are quite successful in simulating the hyperbolic
relationship between iron solubility versus iron loading
(Figure 4b), as opposed to those with lower iron solubility case
(Figure 4c). The averaged iron solubility from this work
(Experiment 1) over the high‐latitude North Atlantic (red
circles in Figure 4) is higher than that over the other locations
(15±10% vs. 5±4%), which is consistent with the observations
(16±11% vs. 6±8%), unlike our previous model results (Exper-
iment 2) (4±1% vs. 4±2%) [Ito et al., 2012]. The use of a
conservative value (58%) for oil fly ash (Experiment 3) also
improves the model measurement agreement (Figure 4d), com-
pared to the lower iron solubility case (Experiment 2), but the
mean bias (−4.1%) is larger than that using the high value of
79% (−1.2%). The iron solubility over the East China Sea is
sensitive to that in coal fly ash. The model with higher iron sol-
ubility (22%) for coal combustion (Experiment 4) tends to over-
estimate sporadic high iron solubility (>10%) over the East
China Sea (Figure 4e). Furthermore, if lower solubility (4%)
for shipping, but higher solubility for stationary sources
(79%), are used (Experiment 5), the model fails to reproduce
the high iron solubility over the high‐latitude North Atlantic
(Figure 4f). These results may suggest that the combustion
sources from continental industrialized regions are unlikely to
contribute to high iron solubility at low loading over the open
ocean.
[22] The SFe loadings from the model simulations (Experi-
ment 1 and Experiment 2) are compared with measurements
from 2001 to 2006 (Figure 5) [Chen and Siefert, 2004; Baker
et al., 2006a, 2006b; Buck et al., 2006, 2010; Sedwick et al.,
2007; Aguilar‐Islas et al., 2010;Hsu et al., 2010; unpublished
data of Baker and Powell in Sholkovitz et al., 2012]. The mod-
eled SFe loadings (Experiment 1) result in better agreement
with observations over the high‐latitude North Atlantic (red
circles) and the East China Sea (blue triangles). These results
indicate that the source‐dependent composition is the impor-
tant factor controlling the sporadic high iron solubility
(>10%). The SFe loading over the East China Sea (1–102ng
m–3) is larger than those over the high‐latitude North Atlantic
(10–1–10ngm–3), in contrast to the iron solubility (0.4–20%
vs. 4–50%). These results may reflect the mixing of the oil com-
bustion aerosols of higher iron solubility with other crust‐like
aerosols of lower iron solubility, such as dust and coal
combustion.
3.3. Atmospheric SFe Input to Ocean Ecosystems
[23] The 6‐year averaged monthly depositions of SFe
from shipping only to the HNLC region in the northeastern Pa-
cific (purple box in Figure 1) are compared with that from sum
of the other combustion and dust (Figure 6a). The SFe deposi-
tions from Asian dust aerosols are generally larger in the
spring. The total SFe depositions from all the sources (black
line plus red line in Figure 6a) during summer (about 0.2
SFe Gg month−1) are comparable to those without the
shipping sources (black line in Figure 6a) during the Asian
outflow season (0.2–0.4 SFe Gg month−1). It is noteworthy
that highly soluble iron‐containing aerosols from shipping
contribute to a substantial deposition of SFe (about 40%) in
summer (Figure 6b) when the formation of a shallow and
strong thermocline might lead to the buildup of soluble iron
from ship emissions in the surface sea water.
[24] The spatial pattern of SFe deposition rate to the oceans
from ship emissions in 2100 (Figure 7) mainly reflects their
source locations, which are mainly distributed in the NH
(Figure 2). The SFe deposition rate from ship emissions
ranges from 4 to 10 (pgm–2s–1) in the the high‐latitude
North Atlantic, North Pacific, and the East China Sea
(Figure 7a). The global emission of SFe for the oil combustion
aerosols from shipping in 2100 (16 SFe Gg yr−1) is much
smaller than that for the dust (334 SFe Gg yr−1) and other
combustion aerosols (53 SFe Gg yr−1) (Table 5). However,
the model results suggest that the combustion source from
ships in 2100 contributes to a significant deposition rate of
Figure 3. Comparison of simulated and observed aerosols
for the total iron loadings (ngm–3) over the Atlantic and Pacific
oceans and the East China Sea. The total iron loadings are
same for the experiments of Experiment 1, Experiment 2, Ex-
periment 3, Experiment 4, and Experiment 5. The solid line
represents a one‐to‐one correspondence. The dashed lines
show deviations from the solid line by a factor of ±10. In com-
parison with the compilation of ambient measurements, the
daily averages of model results were calculated from hourly
output in the surface air along the cruise tracks. The aerosol
samples classified as air masses from the North Atlantic, North
America, or Europe are represented as red circles. The data
collected over the East China Sea are represented as blue
triangles.
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Figure 5. Comparison of simulated (a) Experiment 1 and (b) Experiment 2 and observed aerosols for
soluble iron loading (ngm–3) over the Atlantic and Pacific oceans and the East China Sea. The solid line
represents a one‐to‐one correspondence. The dashed lines show deviations from the solid line by a factor
of ±10. In comparison with the compilation of ambient measurements, the daily averages of model results
were calculated from hourly output in the surface air along the cruise tracks. The aerosol samples classi-
fied as air masses from the North Atlantic, North America, or Europe are represented as red circles. The
data collected over the East China Sea are indicated as blue triangles.
Figure 4. Comparison of (a) observed aerosols and simulated aerosols (b) Experiment 1, (c) Experiment
2, (d) Experiment 3, (e) Experiment 4, and (f) Experiment 5 for total iron loading (ngm–3) vs. iron solu-
bility (%) over the Atlantic and Pacific oceans and the East China Sea. The aerosol samples classified as
air masses from the North Atlantic, North America, or Europe are represented as red circles. The data col-
lected over the East China Sea are indicated as blue triangles. The number of data points (N) and the mean
bias between the model results and observations are also shown.
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SFe to the high‐latitude North Atlantic and North Pacific (30–
60%) (Figure 7b).
[25] In order to quantify the effects of the ship sources on
total input into different regions of sea waters, the total deposi-
tions from different sources into the northeastern Pacific are
compared with those into the East China Sea (Table 6). The
model results indicate that the majority of iron is transported
from arid and semiarid regions to the northeastern Pacific
(99%) and the East China Sea (94%), but its iron solubility
is low (0.7%). SFe form shipping is directly emitted over the
ocean and thus significantly contributes to the northeastern
Pacific (37%). The majority of iron from coal combustion is
in the coarse particles (87%), which are preferentially removed
from the atmosphere in our model treatment of deposition (i.e.,
faster deposition for larger particles). Consequently, SFe from
the other combustion aerosols dominantly deposited to the
East China Sea (41%), even though the SFe deposition rates
from ships are comparable between the two different regions
(6–10pgm–2s–1) (Figure 7a).
4. Conclusions
[26] The chemical composition at emission is a key factor
in reducing uncertainties in the prediction of a wide range of
aerosol iron solubility. The association of oil combustion
sources with high iron solubility (80%) improved the model
results, compared to our previous assumption (4%). The
model results suggest that highly soluble iron‐containing
aerosols from shipping may contribute about 40% of the
SFe deposition into HNLC regions over the northeastern
Pacific in summer, when the sporadic emission from Asian
Figure 6. (a) Estimates of monthly SFe deposition
(Gg month–1) from shipboard combustion sources (red) and
sum of the other combustion and dust sources (black) to HNLC
regions in the northeastern Pacific Ocean (40–60˚N; 190–
225˚E) for the present day. (b) Ratio (%) of the SFe
deposition from shipping to that from the sum of all combus-
tion and dust sources. The model results use the Experiment
1 value of 79% solubility for ship emission aerosol, as is sum-
marized in Table 4. The dashed lines show the standard devia-
tions of monthly averages during 2001–2006.
Figure 7. (a) Annually averaged SFe deposition rate
(pgm–2s–1) from shipping in 2100. (b) Ratio (%) of the SFe
deposition from shipping to that from the sum of combustion
in 2100 and dust for the present day. Contours are plotted for
SFe deposition rates from shipping above 1pgm–2s–1. The
results of the SFe deposition toHNLC regions in the northeast-
ern Pacific Ocean (40–60˚N; 190–225˚E) are shown in
Table 6.
Table 6. Depositions of Iron and SFe (Gg yr–1) from Ship in 2100,
Mineral Dust, and Other Combustion Sources to the Northeastern Pa-
cific Ocean and the East China Sea
Ship (%) Dust (%) Others (%) Total
Northeastern Pacific Ocean
Iron 1.6 (0.6) 290 (99) 1.2 (0.4) 293
SFe 1.3 (37) 2.0 (58) 0.2 (5.5) 3.5
East China Sea
Iron 0.2 (0.4) 54 (94) 3.0 (5.3) 57
SFe 0.2 (18) 0.4 (41) 0.4 (41) 1.0
The parentheses represent the percentage of each source to total deposition.
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dust is low. The results presented in this article could have
important implications for the parameterization of iron dis-
solution and highlight the necessity to improve the source
chemical composition. Further experiments to understand
the character of the source of highly SFe in combustion aero-
sols are needed to represent the variability of iron solubility,
because iron solubility is highly dependent on the physico-
chemical properties of the fly ash particles.
[27] The anthropogenic emission changes from 2000 to
2100 (RCP4.5) were applied to the global chemical transport
model to examine the relative importance of shipping
sources of SFe, compared with those from the other sources.
The simulation results suggest that the combustion sources
from ships in 2100 may contribute 30–60% of the SFe depo-
sition in the high‐latitude North Atlantic and North Pacific.
The SFe form shipboard aerosol sources is directly emitted
over the surface ocean and mostly supplied to the open
ocean, such as the northeastern Pacific. In contrast, the ma-
jority of the crust‐like aerosols, such as dust and coal fly
ash, are deposited near the source regions, such as the East
China Sea, because of faster removal for larger particles.
Given the continuing growth in global shipping, it may be
important to evaluate the role of iron from shipping in regu-
lating marine biogeochemical processes.
[28] Acknowledgments. Support for this research was provided by
the Program for Risk Information on Climate Change (MEXT). All of the
numerical simulations were performed using the SGI Altix4700 at the JAM-
STEC. The author would like to thank the reviewers for their constructive
comments.
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